Background: Respiratory infections are among the leading causes of death and disability globally. Respirable aerosol particles released by agricultural crop-residue burning (ACRB), practised by farmers in all global regions, are potentially harmful to human health. Our objective was to estimate the health and economic costs of ACRB in northern India. Methods: The primary outcome was acute respiratory infection (ARI) from India's fourth District Level Health Survey (DLHS-4). DLHS-4 data were merged with Moderate-Resolution Imaging Spectroradiometer satellite data on fire occurrence. Mutually adjusted generalized linear models were used to generate risk ratios for risk factors of ARI. Overall disease burden due to ACRB was estimated in terms of disability-adjusted life years. Results: Seeking medical treatment for ARI in the previous 2 weeks was reported by 5050 (2%) of 252 539 persons. Living in a district with intense ACRB-the top quintile of fires per day-was associated with a 3-fold higher risk of ARI (mutually adjusted risk ratio 2.99, 95% confidence interval 2.77 to 3.23) after adjustment for socio-demographic and household factors. Children under 5 years of age were particularly susceptible (3.65, 3.06 to 4.34 in this subgroup). Additional ARI risk factors included motor-vehicle congestion (1.96, 1.72 to 2.23), open drainage (1.91, 1.73 to 2.11), cooking with biomass (1.73, 1.58 to 1.90) and living in urban areas (1.35, 1.26 to 1.44). Eliminating ACRB would avert 14.9 million disability-adjusted life years lost per year, valued at US$152.9 billion over 5 years. Conclusions: Investments to stop crop burning and offer farmers alternative cropresidue disposal solutions are likely to improve population-level respiratory health and yield major economic returns.
Introduction
Respiratory infections are the most common chronic disease of children globally, are a leading cause of death in developing countries and make a large contribution to the overall burden of disease as measured by disability-adjusted life years (DALYs) lost. 1, 2 Air pollution is a recognized contributor to respiratory disease, as airborne fine particulate matter (PM 2.5 ) from the burning of solid fuels, vehicle exhaust, windblown soil, construction and other sources can penetrate deep into lung tissue, triggering an inflammatory cascade and oxidative stress. 3 PM 2.5 exposure has been linked to increased asthma-related emergency-room visits and hospitalizations, 3 progression of carotid intima-medial thickness, 4 greater chronic obstructive pulmonary disease mortality 5 and reduced life expectancy. 4 In India in 2015, exposure to outdoor air pollution was found to be the third leading risk factor (after high blood pressure and high fasting plasma glucose) contributing to mortality among 79 behavioural, environmental and metabolic factors. 6 A recent study found that 12.5% of the total deaths in India in 2017 were attributable to air pollution. 7 Delhi was the state with the highest annual population-weighted mean PM 2.5 , followed by Uttar Pradesh, Bihar and Haryana in north India. Whereas indoor air pollution due to burning of solid fuels in poor states like Uttar Pradesh and Bihar were important factors, the ambient particulate-matter pollution was highest in the north Indian states of Uttar Pradesh, Haryana, Delhi, Punjab and Rajasthan. 7 Delhi, India's large capital city and home to 25 million residents, is experiencing a public-health emergency due to high levels of air pollution. Delhi was the most polluted large city in the world in 2016, with an average annual PM 2.5 of 122 mgm -3 (micrograms per cubic meter)-12 times the World Health Organization (WHO)'s recommended target of 10 mgm -3 . 8 Air pollution in Delhi is particularly extreme during the winter months-a period when farmers in the neighbouring upwind states of Haryana and Punjab-where the burden of outdoor air pollution is also high 9 -practise agricultural crop-residue burning (ACRB).
Banned in November 2015 by the National Green Tribunal, 10 ACRB is still widely practised due to weak enforcement of the ban, political economy issues and lack of alternatives to burning among poor farmers. 11 In Punjab alone, an estimated 44-51 million metric tonnes of residue are burned each year, with rice being the primary source. 12 Winds carry suspended particles hundreds of miles, generating a thick cloud of smog above northern India visible by satellite. Recently, the contribution of ACRB in northwestern India to air pollution in Delhi has been quantified, with estimates ranging between 7 and 78% of PM 2.5 enhancements during the burning season being attributable to ACRB. 13 Moreover, previous work has shown that ACRB results in an unrecoverable decrease in pulmonary function among children aged 10-13 years. 14 Among different sources of outdoor air pollution, ACRB was responsible for an estimated 66 200 deaths in 2015 in India. 6 In addition to affecting human health, ACRB deteriorates soil fertility, releases greenhouse gases that contribute to global warming and results in the loss of biodiversity.
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Key Messages
• Burning of agricultural crop residue to clear fields is a major contributor to air pollution. When rice farmers in northwestern India burn their fields, fine particulate matter (PM 2.5 ) concentrations in Delhi, the highly populated capital city located downwind of burning areas, spike to about 20 times beyond the World Health Organization's threshold for safe air.
• Our results suggest that living in areas where crop burning is intense-measured using daily satellite imaging data over a 5-month period-is associated with a 3-fold higher risk of acute respiratory infection-one of the leading global causes of lost disability-adjusted life years. Children are particularly susceptible to the health effects of crop burning.
• Solutions to eliminate crop burning exist but require further investments. We found that crop-burning abatement would be highly cost-effective and, in northern India, would avert disability-adjusted life years equivalent to US$152.9 billion over a 5-year period.
• Reducing crop burning would benefit human health.
The Indian government has demonstrated an interest in combatting air pollution and respiratory illness but so far has fallen short in addressing the air-quality crisis. India was the first country to develop national targets aimed at reducing deaths from non-communicable diseases (NCDs) including respiratory illness, by 2025, following the WHO's Global Action Plan for the Prevention and Control of NCDs 2013-2020. 15 However, a major barrier to further political action against crop burning is the lack of rigorous evidence linking this practice to health outcomes. To our knowledge, there are no available estimates of the economic costs and societal disease burden associated with crop burning. Therefore, we sought to estimate the risk of acute respiratory infection (ARI) attributable to crop burning, among other socio-demographic and household factors, and to quantify the costs to society of this practice.
Methods

Outcome variable
Data on ARI were obtained from the fourth round of India's District Level Household Survey (DLHS-4) 16 -a national demographic health survey sampled to be representative at district and state levels. Data were used from households in three Indian states-Haryana (in northern India), Andhra Pradesh and Tamil Nadu (both in southern India)-interviewed between September 2013 and February 2014, the two southern states serving as comparators without ACRB. In DLHS-4, household heads were asked whether any household member had suffered from an illness in the previous 15 days. If the response was 'yes', information on illness type was collected for affected persons. For individuals who had reported symptoms of ARI in the previous 15 days, a follow-up question was asked about whether and where the individual received medical treatment. Our primary outcome was seeking treatment for ARI in the previous 15 days at a private or public medical facility among those who also reported ARI symptoms. A secondary contributor to poor air quality in northern India is the burning of firecrackers during the Hindu festival of lights, Diwali, which occurs between mid-October and mid-November. 19 In Delhi, the time around Diwali is associated with sharp increases in concentrations of respirable particulate matter, total suspended particulate matter, sulphur dioxide and surface ozone. [20] [21] [22] Thus, we examined the period after Diwali-3-10 November in 2013-as an additional ARI risk factor.
Explanatory variables
Data merging
Individual-level data from DLHS-4 were merged with MODIS data on the number of fires, by district and survey date. The merged data set was a high-frequency panel with daily temporal and spatial variations on exposure to ACRB at the district level. Since ARI was reported for the previous 15 days, data were merged using a recall-adjusted survey date (interview date minus 7 days). The final sample size was 252 539 individuals.
Visualization of ACRB and ARI co-occurrence
MODIS data on the number of fires were mapped for Haryana-a state known for endemic ACRB. Reported treatment seeking for ARI and ACRB occurrence was plotted on a shared timescale to determine whether the two independently observed time series moved in tandem during the study period. Separate plots were constructed for Haryana (high occurrence of ACRB) vs southern states (low occurrence of ACRB).
Estimating the association between ACRB and ARI
Associations between risk factors and reported ARI were assessed through unadjusted and mutually adjusted generalized linear models (GLMs), as ARI satisfies the epidemiologic 'rare disease assumption'. 23 To test for the association of ACRB with ARI, for individual i belonging to household h in district s and survey date t, we ran GLM models using Equation (1):
In the unadjusted model, ACRB st and each risk factor in X ihst were individually related to ARI, whereas, in the mutually adjusted model, all risk factors were considered simultaneously. ACRB st is the daily district-level exposure to intense ACRB, X ihst is the set of risk factors that an individual was exposed to and ihst is the individual-specific error term. The relative risk ratio b1 represents the ratio of the risk (probability) of ARI in the exposed group to the risk of ARI in the reference group. 24 Exposure to pollution from ACRB was deemed intense if the household member was interviewed on a day when MODIS detected 100 or more fires (the top quintile of fires per day per district) in their district of residence.
Sensitivity analyses
To test the sensitivity of our estimates from Equation (1), we ran regressions on sub-samples of young children (under 5 years), the elderly (over 60 years) and place of residence (rural vs urban). Using Equation (1), we also estimated models using the natural logarithm of the number of fires per day in a district as a continuous explanatory variable to obtain the marginal effect of a 1% increase in daily fire occurrence.
Health and economic benefits to society from crop burning
In estimating the disease burden attributable to ACRB, we considered the total population in three Indian states likely to be affected by this practice: Haryana, Punjab and Delhi. These states were chosen based on previous ACRB studies 11, 14, 25 and from satellite images of the fires (Figure 1 ).
Maps showing district-level population density, population of young children and urbanization in the studied states can be found in Supplementary Figure 1 , available as Supplementary data at IJE online. Four steps were taken to estimate the direct disease burden attributable to ACRB and firecracker burning. First, the total estimated number of cases of ARI that would be averted if exposure to these risk factors were eliminated in the population, or the population attributable fraction (PAF), was calculated using the 'punaf' STATA routine. 26 Second, state-specific DALY rates attributable to ARIs were obtained for Haryana, Punjab and Delhi from India state-level Disease Burden Initiative Collaborators. 9 Third, these DALY rates were multiplied by our estimated PAF values for ACRB or firecrackers and by state population to estimate total DALYs attributable to these two risk factors in each state. For Punjab, to account for the higher incidence of ACRB in this state relative to Haryana, the DALY rates were apportioned based on the ratio of percentage area burned in Punjab relative to Haryana (67% in Punjab vs 29% in Haryana, i.e. 2.3 times). 11 Fourth, total DALYs saved were converted to per-year economic benefits by multiplying the state-specific per-capita gross domestic product (GDP) by the total DALYs attributable to ACRB and firecrackers. 27 For firecrackers, we also subtracted US$1 billion (US$200 million per year over 5 years)-the estimated loss in revenue from the sale of firecrackers during Diwali. 28 Benefits were compounded for 5 years using a 3% discount rate, as is standard practice when accounting for financial returns at a future date. 29 
Results
Crop burning in Haryana during October and November in 2013 was most intense in the northern districts and was primarily practised in districts where paddy cultivation was also practised (Figure 2 ). The frequency of reported ARI symptoms in Haryana closely paralleled the number of fires observed by the MODIS satellite in this state, with ARI symptoms being more frequently reported in urban than in rural areas (Figure 3) . In south Indian states (Andhra Pradesh and Tamil Nadu), where ACRB is not practised and firecracker burning during Diwali is much less prevalent, ARI frequency and the number of fires were low.
In Haryana, 5.4% of surveyed individuals reported suffering from ARI symptoms in the previous 15 days, whereas the reported ARI symptoms in southern states were only 0.1% (Table 1) . Among those who reported suffering from ARI, 83% also reported receiving treatment for ARI at a private or public medical facility. Whereas high-intensity fire exposure was virtually absent in south India, 17.5% of individuals in Haryana lived in a district where 100 or more fires per day were observed by satellite. In Haryana, compared with southern states, more households cooked with biomass (15.3 vs 0.2%) and drained water into an open drain (90.6 vs 70.4%) and fewer households treated water before drinking (15.8 vs 26.9%).
Living in a district with intense ACRB was the leading risk factor for ARI, with !100 fires per day in the district being associated with a 3-fold higher risk of ARI in the mutually adjusted model (adjusted risk ratio, 95% confidence interval: 2.99, 2.77 to 3.23) (Figure 4 Data were taken from the fourth round of the District Level Household Survey (International Institute for Population Sciences 2015) other than days when the district had 100 or more fires, which were derived from NASA-MODIS-FIRMS data (National Aeronautics and Space Administration). a Only individuals who reported ARI in the previous 2 weeks and sought treatment at a private or public medical facility were classified as having the outcome of interest. Figure 4 . Risk of acute respiratory infection among multiple determinants. 95% confidence intervals are shown for unadjusted (grey) and mutually adjusted (black) risk ratios. The dashed vertical line at 1.0 on the x-axis indicates no risk difference between groups. The mutually adjusted model was adjusted for all other factors shown. Data were taken from DLHS-4 16 other than living in intense crop-burning district (100 or more fires per day), which was derived from NASA-MODIS-FIRMS data, 17 and vehicle density, which was derived from India Census 2011 data. We estimated that 14.4% of all ARI cases were attributable to ACRB and 6.6% are attributable to burning firecrackers in 2013 (Table 3) . For Haryana, Punjab and Delhi combined, the total number of DALYs averted from eliminating ACRB was estimated to be 14.9 million years, valued at US$152.9 billion for 5 years. DALYs averted by eliminating firecrackers were estimated at 4.2 million years, valued at US$35.7 billion for 5 years.
Discussion
Our study has three novel findings. First, exposure to outdoor air pollution from intense ACRB. firecracker burning and motor vehicles are three leading risk factors for ARI in northern India. Second, children under 5 years old are at high risk for ARI from ACRB, whereas other leading household-level risk factors for ARI are exposure to open drains, cooking with biomass and urban residence. Third, the DALY benefits attributable to complete ACRB and firecracker abatement in three states in northern India are estimated at 14.9 and 4.2 million years, respectively, valued at 1.7% of India's GDP-about US$190 billion cumulative for 5 years.
Apart from ACRB and firecrackers, open drainage and the use of biomass for cooking fuel were associated with higher ARI, whereas access to electricity and water filtration were protective factors. We also found a small protective effect of having fewer rooms in the house; this may just reflect poverty and the fact that poor households have lower healthcare-seeking practices and thus were not classified as having ARI in our analyses. The coefficients were in the expected direction 1, 3, 14, 22, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and the relative magnitude of the effects is important for policy focus. Programmes and policies must simultaneously address indoor and outdoor pollution, through a combination of bans and agricultural subsidies; increasing access to improved cooking fuels like liquefied petroleum gas, electrification and promotion of induction cooking stoves; and the construction of improved drainage systems for households. In addition, behavioural-change communication campaigns for the promotion of water treatment and reduction of firecracker use are likely to strengthen macro-level policies and outcomes. We found a relatively stronger effect of outdoor air pollution (crop burning, firecrackers, motor vehicles) on ARI compared with indoor air pollution (cooking with biomass). Recently, a large-cluster randomized-controlled trial in Malawi found no benefit of switching to cleaner cooking stoves on child pneumonia. 40 The authors suggest that daily exposure to pollution from other sources may have negated the effect of the intervention, which only targeted indoor pollution. There is a large ongoing effort by the central Indian government to expand the use of liquid petroleum gas for cooking to 80% of households by 2019 41 and it will be of interest to assess the impact of these policy efforts on health outcomes in the next few years.
In our subgroup analyses, we found that motor-vehicle congestion was a larger risk factor for ARI in women compared with men. This finding is in line with literature suggesting that women may be more susceptible to pollutants compared with men for biological and social reasons. 42, 43 We also found that firecracker burning was a stronger risk factor in urban compared with rural areas, but that open drainage was a stronger risk factor in rural areas compared with urban areas. These findings are as expected, given relatively intense firecracker burning and less open drainage in urban centres compared with rural areas.
Our findings are in line with previous investigations reporting on exposure to environmental air pollution and respiratory health. Wildfires, which are becoming increasingly common with climate change, have been shown to have a broad range of negative population-level health impacts, including respiratory infection. 44 A few studies have reported more frequent hospital visits for respiratory infections following wildfires in the USA and Canada. [45] [46] [47] [48] A study in Australia showed that an increase in PM 10 of 10 lgm -3 was associated with a 15% increase risk of ARR, mutually adjusted risk ratio, i.e. adjusted for all other factors shown; CI, confidence interval. Data were taken from DLHS-4 (International Institute for Population Sciences 2015) other than intense ACRB (days when district had 100 or more fires), which was derived from NASA-MODIS-FIRMS data (National Aeronautics and Space Administration).
respiratory infection among indigenous people living in dry areas with frequent vegetation fires. 49 Second-hand tobacco smoke has also been related to ARI. The odds of hospital admission for ARI were 1.55 times higher in children under 2 years of age who were exposed to secondhand tobacco smoke compared with children who were not. 50 Respiratory infections were found to be the single greatest contributor to the global burden of disease attributable to second-hand smoke in children under 5 years of age. 51 Others have looked at ambient particulate-matter concentration (from multiple sources) as a predictor of respiratory outcomes. A meta-analysis of four studies in areas with relatively low average annual PM 2.5 concentrations (12-25 lgm
, compared with 153 lgm -3 in Delhi during the study period 52 ) found a 12% increased risk of ARI in children under 5 years of age per 10 lgm -3 increase in PM 2.5 . 53 A long-term study in the USA found that a 1-interquartile range increase in ozone predicted a 4% increase in respiratory infection among children aged 0-4 years. 54 Given that most studies relating poor air quality to respiratory health come from developed countries with much lower ambient concentrations of pollutants as well as less poverty and better health services, direct comparison to the currently studied population in northern India may be limited. Our study has several strengths. First, to our knowledge, this is the only study to systematically estimate the effect of exposure to ACRB on ARI in India. Second, we leveraged two high-resolution data sets: crop-burning data from MODIS and data on reported ARI among all age groups of men and women in Haryana from DLHS-4, which has a large sample size, is representative at the district level and were collected when ACRB peaks. Third, we accounted for a comprehensive set of risk factors in our mutually adjusted statistical model, thus our study provides an important benchmark in examining the relative contribution of these risk factors for ARI. Fourth, we provide the first available estimates of ACRB abatement in terms of DALYs and US dollars.
Our study is not without limitations. First, the DLHS survey was not conducted in Punjab-the state with the highest incidence of ACRB in October-thus we could not estimate the contribution of ACRB on ARI in that state. Second, to our knowledge, high-frequency, high-resolution data on particulate-matter concentration in the ambient air of Haryana or Punjab are not available; consequently, we could not estimate the dose-response function linking ACRB and the resulting increase in air pollution to health outcomes. Third, in our mutually adjusted models, we controlled for other factors that may also increase outdoor air pollution. However, it is possible that we missed some factors, such as a fall in the ambient temperature, which may worsen the effect of air pollution on population health. Fourth, the effects of firecracker burning were estimated by specifying a dummy variable for the week after Diwali. The independent effects of firecracker burning would ideally be estimated in the absence of ACRB to avoid confounding, but this was not possible due to co-occurrence of these events. Therefore, our estimate of the contribution of firecracker burning is likely biased. Finally, we note that low variability in the district vehicle index in the urban sample prevents us from being able to accurately examine the effect of motor-vehicle density on ARI in cities, and data at a higher spatial resolution would allow better risk assessment in this case.
Conclusion
We found that living in an area where crop burning is practised was a leading risk factor for respiratory disease in northern India. Whereas the total burden of diseases from air pollution declined between 1990 and 2016 due to efforts to reduce the burning of solid fuel for household use, outdoor air pollution increased by 16.6%. 6 We found that ACRB leads to over US$30 billion losses in economic value every year and a 3-fold risk of ARI to those exposed in the general population. Any investments made for the abatement of ACRB are likely to be highly favourable in terms of their return on investment, when compared with other public-health interventions or actions. 55, 56 ACRB is a growing problem in India and in other countries. 3, 39, 57, 58 The promotion of sustainable economic development should include investments to stop crop burning.
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